Planar narrow bandpass filter based on Si resonant metasurface by Zheng, Z et al.
Planar narrow band-pass filter based on Si resonant metasurface
Ze Zheng,1, 2, 3 Andrei Komar,1 Khosro Zangeneh Kamali,1 John Noble,4 Lachlan Whichello,4 Andrey E.
Miroshnichenko,5 Mohsen Rahmani,1, 2 Dragomir N. Neshev,1 and Lei Xu1, 2, a)
1)Research School of Physics, ARC Centre of Excellence for Transformative Meta-Optical Systems (TMOS),
The Australian National University, Canberra, ACT 2601, Australia
2)Advanced Optics & Photonics Laboratory, Department of Engineering, School of Science & Technology,
Nottingham Trent University, Nottingham NG11 8NS, UK
3)School of Physics, Nankai University, Tianjin 300071, China
4)Seeing Machines Inc., Canberra ACT 2600, Australia
5)School of Engineering and Information Technology, University of New South Wales, Canberra ACT 2600,
Australia
(Dated: 13 July 2021)
Optically resonant dielectric metasurfaces offer unique capability to fully control the wavefront, polarisation, intensity
or spectral content of light based on the excitation and interference of different electric and magnetic Mie multipolar
resonances. Recent advances of the wide accessibility in nanofabrication and nanotechnologies have led to a surge
in the research field of high-quality functional optical metasurfaces which can potentially replace or even outperform
conventional optical components with ultra-thin features. Replacing conventional optical filtering components with
metasurface technology offers remarkable advantages including lower integration cost, ultra-thin compact configura-
tion, easy combination with multiple functions and less restriction on materials. Here we propose and experimentally
demonstrate a planar narrow band-pass filter based on the optical dielectric metasurface composed of Si nanoresonators
in array. A broadband transmission spectral valley (around 200 nm) has been realised by combining electric and mag-
netic dipole resonances adjacent to each other. Meanwhile, we obtain a narrow-band transmission peak by exciting a
high-quality leaky mode which is formed by partially breaking a bound state in the continuum generated by the col-
lective longitudinal magnetic dipole resonances in the metasurface. Owing to the in-plane inversion symmetry of our
nanostructure, the radiation of this antisymmetric mode is inhibited at far field, manifesting itself a sharp Fano-shape
peak in the spectrum. Our proposed metasurface-based filter shows a stable performance for oblique light incidence
with small angles (within 10 deg). Our work imply many potential applications of nanoscale photonics devices such as
displays, spectroscopy, etc.
I. INTRODUCTION
Optical metasurfaces are planarized, ultra-thin, patterned
artificial interfaces composed by subwavelength resonators,
so-called optical meta-atoms, with structured electric and
magnetic fields that can be used to shape light in exotic
ways based on the excitation of plasmonic resonances1–3 or
high refractive index low-loss Mie-type resonances4–7. Al-
though surface plasmons supported by plasmonic nanostruc-
tures are able to provide strong light-matter interactions at
the nanoscale, these nanostructures suffer from the inher-
ently high Ohmic losses of metals in the optical spectral re-
gion and they are easy to melt or deform when illuminated
by highly intense lasers, therefore, the performances of con-
ventional metal-based nanoparticles are limited. Nanostruc-
tures with high refractive index dielectric materials, such as
Si, GaAs, GaP, etc, are transparent building blocks and have
been demonstrated that they achieve unconventional electro-
magnetic responses of light. Such dielectric nanoparticles
support both lower and higher-order optically-induced electric
and magnetic Mie resonances4–7. Such a multipolar resonance
feature of optical meta-atoms provides a powerful platform to
achieve desired interference of different modes within a single
meta-atom, yielding unique possibilities for an efficient con-
trol over the light scattering properties as well as the near-field
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distributions at the nanoscale. The generation and interference
of multipolar resonances from dielectric nanostructures play a
more and more important role in modern nanophotonics, and
have caused a surge in the research field of dielectric metaop-
tics.
Various interesting optical effects and phenomena have
been discovered involving the interference between multipolar
resonances in recent years, e.g., Kerker scattering where the
interference between electric and magnetic dipole resonances
leads to the suppression of light backscattering and realiza-
tion of total transmission feature of light8,9; electric anapole
state where the interference between the Cartesian electric
dipole and the toroidal dipole modes cancel their far-field
radiations and achieve a non-radiating state with enhanced
near-fields10; magnetic anapole state where the interference
between the Cartesian magnetic dipole and the mean square
radii - a third-order term in the expansion of the magnetic
dipole moment, which shares the same radiation pattern as
the Cartesian magnetic dipole, further cancels their scatterings
in the far-field domain11,12; Fano-type interference where a
broadband “bright” resonance which is accessible from a free
space, spatially and spectrally overlaps with a narrow-band
“dark” resonance which is less-accessible or even inaccessible
from the free space, and results in a narrow reflection or trans-
mission window13–15. Recently, the concept of bound state
in the continuum (BIC) supported by dielectric nanostructure
has drawn extensive attentions due to its robust ability to con-




























































































In recent years, employing the multipolar resonance fea-
ture, optical dielectric metasurfaces have led to a variety of
applications in flat optical elements such as flat lenses20–22,
beam deflectors23–26, holograms27, quantum sources and
quantum entanglement control devices28–30 to name a few. As
compared to the conventional bulky refraction-based optical
elements, optical metasurfaces are of subwavelength thick-
ness, which enable their easy integration into compact devices
and realisation of miniaturized on-chip photonic elements.
Importantly, as artificial 2-dimensional materials made of sub-
wavelength inclusions, optical metasurfaces are not restricted
to material compositions in order to achieve the desired opti-
cal functions, thus they can provide unparalleled steering over
the different light properties.
Optical filter is a critical element for optical information
technologies and light characterization. Optical filters can
selectively allow light with certain wavelength ranges to be
transmitted. It has been widely used in various applications,
including spectral imaging31,32, optical data storage33, gener-
ation of security images34, energy-efficient displays35–37. The
most common approach to design an optical filter is based
on the Fabry-Pérot (FP) resonance, in which the properties
are defined by adjusting the refractive index and the light
path38–40. Conventionally, filters are designed based on a FP
resonator using a pair of broadband high reflective mirrors. By
controlling the FP cavity thickness, optical filters with differ-
ent center wavelengths can be generated. However, based on
the working principle, FP filters are generally sensitive to the
incident angle of light. Different incident angles lead to the
different effective light paths in the FP cavity and thus result
in a considerable shift of the center wavelength. Furthermore,
the thickness of the filter is generally in the micrometer scale,
which results in a greater optical distance for the occurrence of
optical cross-talk. This will potentially hinder the integration
of such optical filters into the on-chip nanophotonics devices.
The development of nanofabrication and nanomanufacturing
gives new opportunities for designing optical filters based on
nanoplasmonics or dielectric Mie resonances41–48. In this pa-
per, we employ the multipolar resonance feature of dielectric
metasurfaces, combining it with the BIC mechanisms, and de-
sign a Si metasurface based planar narrow band-pass (PNBP)
filter in the near infrared (NIR) spectral region. The central
wavelength can be controlled by the geometry of the Si res-
onators. In addition, owing to the mechanism of BIC, the
bandwidth can be flexibly tuned via the degree of the geomet-
ric asymmetry of the Si resonators. We examined the angular
dependence of the filter both theoretically and experimentally.
As compared to the FP-cavity based filters, the proposed filter
exhibits a better angular performance.
II. RESULTS AND DISCUSSIONS
A. Design of metasurfaces
To realise a metasurface-based PNBP filter, there are two
main points to be addressed: i) the realisation of a broadband
transmission valley spectral region which blocks light for a
FIG. 1. (a) Schematics of the Si nanodisk metasurface. (b) Calcu-
lated transmission spectra as a function of the aspect ratio AR and
light wavelength λ . (c) Calculated transmission and reflection spec-
tra for the Si nanodisk metasurface when AR = 1.05.
given wavelength range, and ii) the realisation of a narrow-
band transmission peak region which permit light transmis-
sion at specific desired wavelength. In the following, we first
describe the working principle of our approach to realise the
PNBP filter working in the NIR region based on the multipo-
lar resonance feature of dielectric metasurfaces. We consider
an optical metasurface that consist of amorphous Si nanodisks
on a square lattice with period Λ =650 nm, height h =450 nm
on a glass substrate surrounded by an air environment.
It is well known that exciting a resonance from a metasur-
face usually leads to a transmission dip in the spectrum based
on the scattering from nanoparticles principle49. In order to
obtain a broadband region with suppressed light transmission,
one simple and direct approach is to combine multiple elec-
tric/magnetic resonances adjacent to each other spectrally in
the desired wavelength range. In this case, when light il-




























































































pressed in a broadband spectral region based on the excita-
tion of these resonances. For Mie resonances supported by
the high-refractive-index dielectric nanoresonators, the width
of the resonance usually decreases with the increase of the
multipole’s polar order l49. The lowest order dipoles, elec-
tric dipole (ED) and magnetic dipole (MD), have the largest
spectral widths (around 100 nm in the NIR range). In the fol-
lowing, we employ ED and MD resonances supported by Si
nanodisks (Figure 1). By tuning the spectral position of ED
and MD adjacent to each other resonances, we have realised
a broadband transmission valley of around 200 nm. The rela-
tive spectral position of ED and MD can be adjusted by tuning
the aspect ratio of the nanodisks, AR = D/h, where D and h
are the diameter and the height of the nanodisks. Figure 1(b)
shows the calculated transmittance as a function of the aspect
ratio AR and wavelength. As can be seen, via varying the as-
pect ratio AR, the ED and MD resonances can be tuned spec-
trally and merge together. Specifically, when AR = 1.05, the
ED and MD resonances form a wide spectral region around
200 nm with nearly total suppression of light transmission
through the metasurface, as shown in Figure 1(c).
FIG. 2. (a) Calculated band structure for a periodic 2D array of Si
nanodisks of radius 230 nm. The gray shading indicates the area
located below the free-space light cone. The red and blue dots mark
the two modes at the Γ point. (b) Electric near-field distributions of
the Mod 2 (red dot) and Mode 3 (blue dot), respectively.
To realise a narrow-band peak out of the transmission val-
ley produced by the ED and MD resonances, we employ a lon-
gitudinal MD resonance supported by the metasurface. This
resonance cannot be excited by normal light illumination due
to symmetry mismatch18. The MD resonance belongs to the
symmetry-protected BICs in sub-diffractive periodic system.
By introducing geometric asymmetry, such as an air hole in
the nanodisks, it allows opening a radiation channel and trans-
forming this ideal-BIC MD state into a quasi-BIC MD state
with the finite Q-factor corresponding to a tuneable bandwidth
based on the degree of the geometric asymmetry. At Γ point
of the band structure of the optical metasurface when the op-
erating frequencies are below the diffraction limit, the only ra-
diating states are plane waves in the normal direction with the
electromagnetic field being odd under 180o rotation around
z-axis, i.e., C2 symmetry, thus any even mode at the Γ point
is a BIC due to the zero overlap between their mode profiles
and outgoing waves17. As an example shown in Figure 2(b),
Mode 2 is an even mode, while Mode 3 is an odd mode. Both
of them sit above the free space light cone, while only Mode
2 is a symmetry-protected BIC. Such a BIC can be realised
as a quasi-BIC by introducing the asymmetric factors into
the system, and it will manifest a strong resonance with the
high Q-factor in the transmission spectrum18,41,50–52. Here we
employ this quasi-BIC to produce the narrow band-pass fea-
ture for the filtering purposes. The relative spectral position
of our resonances (ED, MD and quasi-BIC) can be adjusted
accordingly via the geometric parameters of the metasurface,
transverse size and height of the resonators. It is worth noting
that elliptical-shaped resonators can also be employed to ad-
just the relative spectral position of the central wavelength for
the narrow-band peak with respect to the transmission valley
region.
B. Multipolar structure
Figure 3(a) shows the calculated transmission spectrum of
our designed Si resonant metasurface. As can be seen, a
narrow-band peak around 1329 nm emerges out of the broad-
band transmission valley in the spectrum, indicating the re-
alisation of a filtering functionality based on the Si resonant
metasurface. The width of the resonance is around 2.5 nm,
corresponding to a Q-factor around 440.53 It is worth noting
that owing to the BIC nature of our resonance, the width of
the resonance can be flexibly controlled from a small finite
value (large degree of symmetry-broken in the structure) to
infinite (corresponding to an ideal BIC). Due to the decrease
of the total volume size of the Si nanoresonators after the air
hole is introduced, one sees that the resonant positions for the
transmission valley and peak have shifted together towards the
shorter wavelength direction as compared to Figure 1. For an
inverse design of the large number of filters with various cen-
tral wavelengths, it is worth noting that the machine learning
approach can be applied, which can introduce the remarkable
design flexibility, that can exceed performance of the conven-
tional optimisation methods for such types of the inverse de-
sign problems in nanophotonics53–56. Circular displacement
currents are excited inside the Si nanodisk, as depicted by




























































































FIG. 3. (a) Calculated transmission spectrum of the Si disk-hole
metasurface. Inset: schematic of the unit cell of our Si disk-hole
metasurface. (b) Electric near-field distributions at the wavelength
of 1329 nm. (c) Spherical multipolar structure of the Si disk-hole
metasurface. (d) Cartesian ED py and MD mx modes excitations.
cating the excitation of the longitudinal MD resonance. We
also performed the multipolar analysis, Figure 3(e,f) show the
multipolar structure of the metasurface. As can be seen, the
optical response is dominated by the designed MD excitation
around 1329 nm, with a small contribution from the ED, EQ
and MQ excitations. As mentioned before, this MD resonance
is oriented along z direction, i.e., mz. It originates from the
symmetry-protected BIC. Due to the C2 symmetry of our sub-
diffractive system, the MD, EQ and MQ do not contribute to
the far-field radiation of our metasurface. In other words, here
MD, EQ and MQ form the dark channel which cannot be ex-
cited by the external incoming light, and the ED forms the
leaky channel which couples the incoming light into the dark
channel and also out-couples the light into the far-field do-
main. This interference between the two levels leads to the
narrow transparency peak in the transmission spectrum. By
further investigating the multipolar structure, the excitation
of the conventional MD mx supported by the Si nanodisk is
also observed. Figure 3(f) shows the excitation of the elec-
tric dipole py and the magnetic dipole mx. This corresponds
to the form of the transmission valley as we have designed
in Figure 1. A sharp Fano-shape feature can be clearly ob-
served from the excitation of py, i.e., the leaky channel, which
is formed near the introduced air hole in the nanodisk. The
presence of this py further causes the assymetic electric near-
field distribution as shown in Figure 3(b-d).
FIG. 4. (a) Schematic illustration of the Si disk-hole metasurface
under light incidence with different angle θx or θy. (b) Calculated
transmission spectra under different light incidence angle θx. (c)
Calculated transmission spectra under different light incidence an-
gle θy. (d) Schematic illustration of a simplified FP cavity. (e) The
transmission spectra for a conventional FP filter under different light
incidence angle θ .
C. Angular dependence
We further investigate the performance of our metasurface-
based PNBP filter with different input beam angles, the angle
of the propagation direction to xz plane θx, and the angle of the
propagation direction to yz plane θy (Figure 4(a)). As shown
in Figure 4(b) and 4(c), our simulation result shows that for
θx and θy less than 10 deg the proposed PNBP filter can main-
tain a stable performance. For comparison, we also calculated
the angular dependence of the transmission spectra from a FP
filter model as shown in Figure 4(d,e). Here, the refractive
index is set to be n1=1 and n2=1.56. For simplicity, we con-
sider the facets of the substrate are mirrors with a reflectivity
of 0.8. The distance between the two surfaces of the etalon
is set to be d=2.55 µm in order to generate a FP resonance
with central wavelength around 1330 nm. As can be seen,
for the FP filter, when the incident angle increases from 0 deg
to 10 deg, the central wavelength has shifted around 20 nm.
For the metasurface based PNBP filter, the shift of the central
wavelength is around 3 nm, which shows a better and more





























































































To verify our theoretical and computational results experi-
mentally, we fabricated the Si nanodisk metasurface on a glass
substrate. The metasurface was fabricated by performing elec-
tron beam lithography (EBL) on an amorphous silicon (a-Si)
film. First, we deposited 450 nm a-Si on the glass substrate
by plasma-enhanced chemical vapour deposition (PECVD).
Then we spin-coated polymethyl methacrylate (PMMA) resist
on the film and performed electron beam lithography. After
developing the resist, a thin layer of Aluminum was deposited
on the sample as a metallic mask by electron beam evapora-
tor (EB Evaporator). It was followed by the lift-off process
and etching of the a-Si film via an inductively coupled plasma
(ICP) machine. Finally, we removed the metallic mask by wet
etching. Figure 5(a) shows the scanning electron microscope
(SEM) image of the fabricated sample. The sample consists
of the Si nanodisks with hole defects arranged in a periodic
order. A concave surface curvature in the vertical direction
is observed from the fabricated sample that decreases the to-
tal volume of the Si nanodisks. The effect of this fabrication
imperfections will be discussed in the following. We investi-
gated the performance of our sample by measuring the trans-
mission spectrum under different angles of incident light. We
used a home-built microscope setup with a NIR spectrome-
ter (Ocean Optics NIRQUEST) connected. The setup consists
of a source of light, a halogen lamp, a polarizer, to control
the polarization of the incident light, a Köhler illumination
system, to homogeneously illuminate the sample and control
the k-vector of incident light, the sample on the holder, which
allows to rotate it, to measure the transmission spectra for dif-
ferent angles of incidence, a microscope objective (Mitutoyo
×20 NA = 0.4), and an additional aperture placed in a con-
focal system to cut the background radiation at the sample
image plane. The transmission spectra were referenced to the
transmittance of the glass substrate next to the metasurface.
As shown in Figure 5(b), under y-polarised light illumination,
the metasurface demonstrates a narrow transmission peak out
of a broadband transmission valley region. The width of the
measured resonance is around 15 nm, corresponding to a Q-
factor around 76 for our experimentally fabricated sample,53
which is smaller than our theoretical result shown in Figure 3.
This indicates a stronger symmetry-broken or defect from our
fabricated sample (as shown in Figure 5(a)). A spectral shift
of the sample is also observed in our experiment as compared
to our previous theoretical results, possibly due to the above-
mentioned fabrication imperfections which causes a reduce in
the volume size of the Si nanodisks. Despite of the spectral
shift caused by the fabrication imperfections, our experimen-
tal results successfully demonstrate our theoretical approach.
The robustness of this type of BIC to the shape irregularities
of the individual nanodisks makes it a promising candidate for
various filtering applications57. Figure 5(c,d) show the exper-
imentally measured angular dependence of the transmission
spectra of our sample. As can be seen, the angular transmit-
tance of our fabricated filter is lower than for a FP cavity fil-
ters and is in a good agreement with our previously simulated
results shown in Figure 4.
FIG. 5. (a) The SEM image of the fabricated Si disk-hole meta-
surface sample. (b) Experimentally measured transmission spectrum
under normal light incidence. (c) Experimentally measured transmis-
sion spectra under different light incidence angle θx. (d) Experimen-
tally measured transmission spectra under different light incidence
angle θy.
III. CONCLUSION
In summary, we have proposed a planar narrow band-pass
filter based on Si resonant metasurface, which demonstrates
almost flat angular response in the range of ±10◦ angles of
incidence. Our approach is based on the multipolar reso-
nance feature of optically resonant nanostructures. By prop-
erly tuning the spectral positions of ED and MD resonances,
we have obtained a broadband transmission valley from the
metasurface. A longitudinal MD resonance supported by the
Si nanoresonators is used to realise the narrow transmission
peak region. This longitudinal MD resonance is originated
from the symmetry protected BIC mechanism supported in the
subdiffractive periodic systems. The width of the transmission
line can be easily controlled by the degree of the geometric
symmetry mismatch. Our results may have implications for
nanophotonics applications including displays, spectral imag-
ing, etc. Furthermore, our approach combines the multipo-
lar feature of meta-optics and the BIC mechanism, to control
and engineer the coupling between nanostructures and free-
space electromagnetic waves. The approach introduces spe-
cial functionalities in optical metasurfaces, and thus, might be
instructive for the design of high-performance metadevices.
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“Bound states in the continuum,” Nature Reviews Materials 1, 1–13 (2016).
18L. Xu, K. Zangeneh Kamali, L. Huang, M. Rahmani, A. Smirnov,
R. Camacho-Morales, Y. Ma, G. Zhang, M. Woolley, D. Neshev, et al.,
“Dynamic nonlinear image tuning through magnetic dipole quasi-bic ultra-
thin resonators,” Adv. Sci. 6, 1802119 (2019).
19K. Koshelev, S. Kruk, E. Melik-Gaykazyan, J.-H. Choi, A. Bogdanov, H.-
G. Park, and Y. Kivshar, “Subwavelength dielectric resonators for nonlinear
nanophotonics,” Science 367, 288–292 (2020).
20D. Lin, P. Fan, E. Hasman, and M. L. Brongersma, “Dielectric gradient
metasurface optical elements,” science 345, 298–302 (2014).
21M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, A. Y. Zhu, and F. Ca-
passo, “Metalenses at visible wavelengths: Diffraction-limited focusing and
subwavelength resolution imaging,” Science 352, 1190–1194 (2016).
22M. Khorasaninejad and F. Capasso, “Metalenses: Versatile multifunctional
photonic components,” Science 358 (2017).
23M. I. Shalaev, J. Sun, A. Tsukernik, A. Pandey, K. Nikolskiy, and N. M.
Litchinitser, “High-efficiency all-dielectric metasurfaces for ultracompact
beam manipulation in transmission mode,” Nano Lett. 15, 6261–6266
(2015).
24Z. Zhou, J. Li, R. Su, B. Yao, H. Fang, K. Li, L. Zhou, J. Liu, D. Stellinga,
C. P. Reardon, et al., “Efficient silicon metasurfaces for visible light,” ACS
Photonics 4, 544–551 (2017).
25A. J. Ollanik, J. A. Smith, M. J. Belue, and M. D. Escarra, “High-efficiency
all-dielectric huygens metasurfaces from the ultraviolet to the infrared,”
ACS Photonics 5, 1351–1358 (2018).
26R. A. Aoni, M. Rahmani, L. Xu, K. Z. Kamali, A. Komar, J. Yan, D. Neshev,
and A. E. Miroshnichenko, “High-efficiency visible light manipulation us-
ing dielectric metasurfaces,” Sci. Rep. 9, 1–9 (2019).
27P. Genevet and F. Capasso, “Holographic optical metasurfaces: a review of
current progress,” Rep. Prog. Phys. 78, 024401 (2015).
28K. Wang, J. G. Titchener, S. S. Kruk, L. Xu, H.-P. Chung, M. Parry, I. I.
Kravchenko, Y.-H. Chen, A. S. Solntsev, Y. S. Kivshar, et al., “Quantum
metasurface for multiphoton interference and state reconstruction,” Science
361, 1104–1108 (2018).
29T. Stav, A. Faerman, E. Maguid, D. Oren, V. Kleiner, E. Hasman, and
M. Segev, “Quantum entanglement of the spin and orbital angular momen-
tum of photons using metamaterials,” Science 361, 1101–1104 (2018).
30G. Marino, A. S. Solntsev, L. Xu, V. F. Gili, L. Carletti, A. N. Poddubny,
M. Rahmani, D. A. Smirnova, H. Chen, A. Lemaître, et al., “Spontaneous
photon-pair generation from a dielectric nanoantenna,” Optica 6, 1416–
1422 (2019).
31P. W. Yuen and M. Richardson, “An introduction to hyperspectral imaging
and its application for security, surveillance and target acquisition,” Imag-
ing Sci. J. 58, 241–253 (2010).
32W.-Y. Jang, Z. Ku, J. Jeon, J. O. Kim, S. J. Lee, J. Park, M. J. Noyola, and
A. Urbas, “Experimental demonstration of adaptive infrared multispectral
imaging using plasmonic filter array,” Sci. Rep. 6, 1–9 (2016).
33P. Zijlstra, J. W. Chon, and M. Gu, “Five-dimensional optical recording me-
diated by surface plasmons in gold nanorods,” Nature 459, 410–413 (2009).
34H. Lochbihler, “Polarizing and angle-sensitive color filter in transmittance
for security feature applications,” Adv. Opt. Technol. 4, 71–77 (2015).
35Y. Chen, X. Duan, M. Matuschek, Y. Zhou, F. Neubrech, H. Duan, and
N. Liu, “Dynamic color displays using stepwise cavity resonators,” Nano
Lett. 17, 5555–5560 (2017).
36X. Duan, S. Kamin, and N. Liu, “Dynamic plasmonic colour display,” Nat.
Commun. 8, 1–9 (2017).
37C. W. Hsu, B. Zhen, W. Qiu, O. Shapira, B. G. DeLacy, J. D. Joannopoulos,
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